ZNF750 controls epithelial homeostasis by inhibiting progenitor genes while inducing differentiation genes, a role underscored by pathogenic ZNF750 mutations in cancer and psoriasis. How ZNF750 accomplishes these dual gene regulatory impacts is unknown. Here, we characterized ZNF750 as a transcription factor that binds both the progenitor and differentiation genes that it controls at a CCNNAGGC DNA motif. ZNF750 interacts with the pluripotency transcription factor KLF4 and chromatin regulators RCOR1, KDM1A, and CTBP1/2 through conserved PLNLS sequences. ChIP-seq (chromatin immunoprecipitation [ChIP] followed by high-throughput sequencing) and gene depletion revealed that KLF4 colocalizes~10 base pairs from ZNF750 at differentiation target genes to facilitate their activation but is unnecessary for ZNF750-mediated progenitor gene repression. In contrast, KDM1A colocalizes with ZNF750 at progenitor genes and facilitates their repression but is unnecessary for ZNF750-driven differentiation. ZNF750 thus controls differentiation in concert with RCOR1 and CTBP1/2 by acting with either KDM1A to repress progenitor genes or KLF4 to induce differentiation genes.
Somatic tissue differentiation commonly requires the coordinated and simultaneous repression of progenitor genes mediating the proliferative cell program in concert with the activation of tissue-specific differentiation genes. Epidermal tissue contains a basal layer of self-renewing progenitor keratinocytes that migrate outward as they undergo cell cycle arrest and subsequently differentiate to form the epidermal permeability barrier. Epidermal differentiation involves both the repression of progenitor genes involved in cell proliferation and adhesion to the underlying basement membrane as well as the induction of epidermis-specific differentiation genes involved in barrier formation. This process is tightly regulated, and disruption of epidermal differentiation characterizes epidermal cancers and common skin disorders, such as psoriasis and chronic wounds. Recent studies have identified regulators of epidermal differentiation, including the transcription factors KLF4 (Segre et al. 1999; Patel et al. 2006) , OVOL1 (Teng et al. 2007) , and GRHL3 (Yu et al. 2006; Hopkin et al. 2012 ) and the chromatin regulators JMJD3 (Sen et al. 2008 ) and BRG1/BRM (Indra et al. 2005; Bao et al. 2013) . Transcription factors often interact with other transcription factors and chromatin regulators to enable specific, context-dependent gene activation or repression. For example, in epidermal differentiation, the transcription factor GRHL3 interacts with the Trithorax epigenetic regulators MLL2 and WDR5 to activate epidermal differentiation genes (Hopkin et al. 2012) . However, few other transcription factor complexes that regulate epidermal differentiation have been characterized. It is likely that additional transcription factors and chromatin regulators interact to activate epidermal differentiation genes and repress epidermal progenitor genes.
We recently found that ZNF750 is an essential regulator of epidermal differentiation (Sen et al. 2012) . ZNF750 is highly up-regulated during epidermal differentiation by the epidermal master regulator p63, and its expression is necessary for the two types of global gene expression changes required for progenitor differentiation; namely, Ó 2014 Boxer et al. This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the first six months after the full-issue publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After six months, it is available under a Creative Commons License (Attribution-NonCommercial 4.0 International), as described at http:// creativecommons.org/licenses/by-nc/4.0/. the induction of epidermal differentiation genes and the repression of epidermal progenitor genes (Sen et al. 2012) . Ectopic expression of ZNF750 in progenitor keratinocytes induces differentiation through an evolutionarily conserved atypical C2H2 zinc finger motif (Sen et al. 2012) . ZNF750-driven epidermal differentiation occurs at least partially through the induction of the transcription factor KLF4 (Sen et al. 2012) . However, the mechanism by which ZNF750 regulates epidermal differentiation, including its direct target genes and the proteins it interacts with to control these genes, remains unknown.
Recent work implicates mutations in ZNF750, whose expression is largely confined to stratified epithelial tissue, in the pathogenesis of multiple human diseases characterized by disrupted epithelial homeostasis. Monogenic sebopsoriasis, a disease characterized by incomplete epidermal barrier formation and a failure to suppress the proliferative progenitor program, was found to be caused by a frameshift mutation in ZNF750 that resulted in a truncated protein prior to the C2H2 motif (Birnbaum et al. 2006 ). Genome-wide association studies of psoriasis, which display similar abnormalities in epidermal homeostasis, identified recurrent variants in the ZNF750 promoter region that resulted in decreased ZNF750 expression (Yang et al. 2008; Birnbaum et al. 2011) . Additionally, a recent study of esophageal squamous cell carcinoma identified missense and truncating mutations in ZNF750 and decreased expression of ZNF750 in tumors compared with normal tissue, suggesting that ZNF750 may function as a tumor suppressor in this context (Lin et al. 2014) . Specifically, ZNF750 loss is associated with impaired differentiation as well as a failure to fully repress the proliferative genetic program, both of which are key hallmarks of cancer (Lin et al. 2014 ). An understanding of the mechanism by which ZNF750 represses the progenitor gene expression program while activating differentiation may yield insight into the role of ZNF750 in both normal homeostasis and disease.
Here, we characterize ZNF750 as a DNA-binding transcription factor that binds both the progenitor and differentiation genes that it controls at a unique CCNNAGGC DNA motif. ZNF750-interacting proteins were identified by ZNF750 purification followed by mass spectrometry and were found to include the KLF4 transcription factor as well as the RCOR1 (CoREST), KDM1A (LSD1), and CTBP1 and CTBP2 (CTBP1/2) chromatin regulators. Two evolutionarily conserved PLNLS motifs in ZNF750 were identified as required for these newly identified ZNF750 protein-protein interactions. ChIP-seq (chromatin immunoprecipitation [ChIP] followed by high-throughput sequencing) and gene depletion of ZNF750-interacting proteins identified that KLF4 cobound and was required to activate ZNF750 differentiation gene targets. In contrast, KDM1A was found to cobind and help repress ZNF750-regulated progenitor genes, while RCOR1 and CTBP1/2 helped regulate both categories of ZNF750 targets. ZNF750 was required for full target gene binding by CTBP1/2, RCOR1, and KDM1A but not by KLF4, consistent with the latter's status as a pioneer transcription factor. These data indicate that ZNF750 controls epidermal homeostasis in concert with RCOR1 and CTBP1/2 by acting with either KLF4 to induce differentiation genes or KDM1A to repress progenitor genes.
Results

ZNF750 binds both differentiation genes that it activates and progenitor genes that it represses
Given the conserved atypical C2H2 zinc finger motif in ZNF750 and the previously described binding of ZNF750 to the KLF4 genomic locus (Sen et al. 2012) , we explored the genomic binding sites of ZNF750. We performed ChIP-seq on endogenous ZNF750 in differentiating epidermal keratinocytes, the main context in which ZNF750 is expressed (Supplemental Table S1 ). To search for potential direct target genes of ZNF750, we assigned ZNF750 ChIPseq peaks to nearby genes using GREAT and assessed them with respect to ZNF750-regulated genes identified by global profiling (Sen et al. 2012) . We observed a statistically significant overlap between ZNF750-binding sites in the genome with both ZNF750-activated and ZNF750-repressed genes, suggesting that ZNF750 may both directly activate and repress transcription (Fig. 1A) . Genes that were ZNF750-bound and ZNF750-activated displayed gene ontology analysis enrichment for terms related to epidermal differentiation. In contrast, ZNF750-bound and ZNF750-repressed genes were enriched for terms relevant to cellular proliferation ( Fig. 1B; Supplemental Fig. S1A ). ZNF750 ChIP-seq peaks are located in proximal and distal regulatory regions, intergenic regions, and introns ( Fig. 1C ; Supplemental Fig. S1B ) and are enriched with the enhancer-associated histone modification H3K4me1 ( Fig. 1D ; The ENCODE Project Consortium 2012). A CCNNAGGC motif was enriched in the centers of ZNF750 ChIP-seq peaks (E-value = 9 3 10 À156 ) (Fig. 1E ). This motif was found in ;90% of ZNF750-binding peaks proximal to both the differentiation and progenitor genes ( Fig. 1F; Supplemental Fig. S1C ). ZNF750 therefore binds both the epidermal differentiation genes that it activates as well as epidermal progenitor genes that it represses.
Identification of functional ZNF750-interacting proteins
To understand the basis for the contrasting activating and repressive gene regulatory impacts of ZNF750 in epidermal differentiation, we sought to identify the nuclear proteins that interact with ZNF750. Functionally active, C-terminally tagged ZNF750, with dual sequences added for tandem affinity purification via the Flag epitope and hexahistidine (HIS) tags, was purified from differentiating keratinocytes along with a Flag-HIS tag-only control ( Fig.  2A) and then subjected to mass spectrometry. Proteins with no spectral counts in the tag-only control, $10 spectral counts with purified ZNF750, a SAINT score of $0.9 (Choi et al. 2011) , and absence in common background data sets (Trinkle-Mulcahy et al. 2008; Mellacheruvu et al. 2013) were used to generate a network of novel ZNF750-interacting proteins (Fig. 2B) . Functional categorization revealed that the majority of ZNF750-interacting proteins are transcription factors, chromatin regulators, and protein modifiers (Fig. 2B) . Interestingly, a number of ZNF750-interacting proteins have been previously observed to interact with each other, suggesting that ZNF750 might interface with several known protein complexes (Fig. 2B ). In particular, several chromatin regulators were identified that are components of chromatin regulator complexes, including KDM1A, RCOR1, and CTBP1/ 2 (You et al. 2001; Shi et al. 2003) . These chromatin regulators have been previously observed to interact with a number of other transcription factors, some of which were also among ZNF750-interacting proteins, including ZNF516 ) and KLF4 (Liu et al. 2009 ).
We next determined which ZNF750-interacting proteins are important for ZNF750 function in epidermal differentiation. Thirteen top ZNF750-interacting proteins were selected based on the number of spectral counts, SAINT score, known interactions with other ZNF750-interacting proteins, and known biological importance (Fig. 2C) . To determine whether these proteins are important for ZNF750 function, we depleted each protein in keratinocytes undergoing calcium-induced differentiation for 3 d in vitro and assayed the expression of a panel of 40 known ZNF750-activated genes and 40 known ZNF750-repressed genes (Sen et al. 2012 ) by quantitative PCR (qPCR) ( Fig. 2D; Supplemental Fig. S2A,B) . Among the 13 proteins tested, depletion of RCOR1, CTBP1/2, KDM1A, and KLF4 showed the strongest phenotypic overlap with ZNF750 depletion, with each regulating the expression of between 38% and 82.5% of analyzed ZNF750 targets (Fig.  2D,E) . Interestingly, KLF4 depletion selectively impaired the induction of ZNF750-activated genes, while KDM1A loss selectively impaired the inhibition of ZNF750-repressed genes. RCOR1 and CTBP1/2 depletion affected the differentiation-mediated regulation of both categories of ZNF750 target genes (Fig. 2D,E) . To confirm the functional importance of ZNF750-interacting proteins in threedimensional tissue, we depleted ZNF750-interacting proteins in regenerated organotypic epidermis. Depletion of ZNF750, KLF4, RCOR1, and CTBP1/2, but not KDM1A, resulted in a decrease in expression of terminal differentiation proteins loricrin (LOR) and filaggrin (FLG) (Fig. 2F) . Depletion of ZNF750, RCOR1, KDM1A, and CTBP1/2 caused an increase in the percentage of proliferative cells in the normally differentiated suprabasal layer ( Fig. 2F ; Supplemental Fig. S2C ). Functional ZNF750-interacting proteins thus include KLF4, which is required for differentiation gene activation, and KDM1A, which is required Figure S1 and Supplemental Table S1. for progenitor gene repression, as well as RCOR1 and CTBP1/2, which are required for both effects.
ZNF750 interacts directly with KLF4, RCOR1, KDM1A, and CTBP1/2
The functional impacts on ZNF750 target genes by the proteins copurifying with ZNF750 stimulated the assessment of the nature of these interactions. First, to confirm that ZNF750 is in close proximity with KLF4, RCOR1, KDM1A, and CTBP1/2 in differentiating keratinocytes, proximity ligation analysis (PLA), a method for visualizing individual protein interactions in cells, was performed. Nuclear PLA signal was observed between ZNF750 and KLF4, RCOR1, KDM1A, and CTBP1/2 but not with the single-antibody controls (Fig. 3A) , consistent with proximity of each of these proteins to ZNF750 within the nucleus. To further confirm the interactions among ZNF750, KLF4, RCOR1, KDM1A, and CTBP1/2, two-way coimmunoprecipitations (co-IPs) were performed among the six endogenous proteins in differentiating keratinocytes. These two-way co-IPs confirmed the interactions of ZNF750 with KLF4, RCOR1, KDM1A, and CTBP1/2 ( Fig. 3B ; Supplemental Fig. S3A ). Interactions among RCOR1, KDM1A, CTBP1, and CTBP2 were also observed ( Fig. 3B) , as previously described in other cell types (You et al. 2001; Shi et al. 2003; Lee et al. 2005) . Interestingly, KLF4 interacted with RCOR1, CTBP1, and CTBP2 but not with KDM1A ( Fig. 3B ), suggesting that KLF4 and KDM1A may be part of different ZNF750-interacting protein complexes. To determine whether these proteins interact directly with ZNF750, we performed far-Western blotting with purified recombinant proteins. ZNF750, but not the MBP-negative control, bound directly to KLF4, RCOR1, KDM1A, CTBP1/2 but not to a GST-negative control (Fig. 3C) . Thus, ZNF750 interacts directly with KLF4, RCOR1, KDM1A, and CTBP1/2.
Given the distinct gene regulatory outcomes of KLF4 and KDM1A depletion and the binding of KLF4 and KDM1A to ZNF750 but not to each other, we explored whether KLF4 and KDM1A compete for binding to ZNF750. We performed ZNF750 immunoprecipitations with KLF4 or KDM1A depletion and found that KDM1A binding to ZNF750 increased over twofold with depletion of KLF4, and KLF4 binding to ZNF750 increased with depletion of KDM1A (Supplemental Fig. S3B ). Far-Western blot analysis indicated that KDM1A binding to ZNF750 decreased with addition of KLF4 but not an MBP-negative control and that KLF4 binding to ZNF750 decreased slightly with addition of KDM1A as well. (Supplemental Fig. S3C ). This suggests that KLF4 and KDM1A each bind independently to ZNF750 and that they may compete with each other for binding to ZNF750.
Conserved ZNF750 C2H2 and PLNLS motifs in DNA-binding and protein interactions ZNF750 appeared during vertebrate evolution with the emergence of stratified epithelium. To discover the portions of ZNF750 that facilitate its function, including its DNA binding and its protein-protein interactions, we analyzed the evolutionary sequence conservation of the ZNF750 protein. In addition to the previously identified, evolutionarily conserved atypical C2H2 zinc finger motif that is required for ZNF750 function (Sen et al. 2012) , we observed two highly conserved PLNLS sequences in the ZNF750 C terminus (Fig. 4A) . To explore the role of the C2H2 and PLNLS motifs in ZNF750 protein-protein interactions, we mutagenized the C2H2 and PLNLS motifs by alanine substitution (Fig. 4B ) and performed co-IPs with full-length, C2H2 mutant, or PLNLS mutant ZNF750 from differentiated keratinocytes. Disruption of the PLNLS motif abolished the interactions of ZNF750 with KLF4, RCOR1, KDM1A, and CTBP1/2 ( Fig. 4C ; Supplemental  Fig. S4A ). Mutagenesis of the C2H2 motif partially reduced ZNF750 interactions with KLF4 and RCOR1 but not with KDM1A or CTBP1/2 (Fig. 4C) . ChIP-qPCR with the ZNF750 mutants revealed a significant decrease in DNA binding with mutagenesis of the C2H2 motif (Fig. 4D) . Disruption of the PLNLS motif also partially decreased DNA binding, and mutation of both the C2H2 and PLNLS motifs resulted in a further decrease in DNA binding than the C2H2 mutant alone. (Fig. 4D; Supplemental Fig. S4B ). The PLNLS motifs are thus required for ZNF750 binding to KLF4, RCOR1, KDM1A, and CTBP1/2, and the C2H2 motif is partially required for ZNF750 binding to KLF4 and RCOR1, while both motifs are required for full ZNF750 binding to its target genes.
The observed disruption of ZNF750 binding to its interacting proteins as well as to its genomic targets suggested that both the C2H2 and PLNLS motifs would be important functionally in ZNF750 target gene regulation. To examine this possibility, we expressed full-length, C2H2 mutant, or PLNLS mutant ZNF750 in undifferentiated keratinocytes, where ZNF750 is not normally expressed. While full-length ZNF750 induced differentiation gene targets and repressed progenitor target gene expression as expected, both the C2H2 and PLNLS mutants failed to fully achieve this ( Fig. 4E,F; Supplemental Fig. S4C ). The effects of mutation of C2H2 and PLNLS motifs were also confirmed in regenerated organotypic epidermal tissue, where full-length ZNF750 induced ectopic late differentiation protein expression into the lower epidermis, while the C2H2 and PLNLS mutants did not (Supplemental Fig.  S4D ). Mutation of the C2H2 and PLNLS motifs also rescued the impaired clonogenic growth induced by fulllength ZNF750 expression (Supplemental Fig. S4E ). Thus, both the C2H2 and PLNLS motifs of ZNF750 are functionally required for ZNF750's dual activating and repressive gene regulatory impacts during epidermal differentiation.
Genomic colocalization of ZNF750, KLF4, RCOR1, and KDM1A at ZNF750 target genes We next explored whether ZNF750 colocalizes with its interacting proteins with respect to genomic binding. ChIPseq was performed in differentiating epidermal cells for ZNF750-interacting proteins known to directly associate with chromatin; namely, KLF4, RCOR1, and KDM1A. Analyses of these data revealed a striking overlap in regions of genomic binding between ZNF750 and KLF4, RCOR1, and KDM1A ( Fig. 5A ; Supplemental Tables S2-S4 ). Of interest, the gene set displaying KLF4 and RCOR1 cobinding with ZNF750 in the setting of relatively less KDM1A binding was enriched for ZNF750-induced differentiation genes. In contrast, the gene subset characterized by KDM1A and RCOR1 cobinding with ZNF750 in the context of relatively diminished KLF4 binding was enriched for ZNF750-repressed progenitor genes ( Fig. 5A,B ; Supplemental Fig. S5A ; Supplemental Tables S5, S6 ; Kretz et al. 2012; Sen et al. 2012) . De novo motif discovery identified the canonical KLF4 DNA motif ) in KLF4 ChIP-seq peaks, supporting the accuracy of KLF4 ChIPseq data in this setting (Fig. 5C ). At sites of colocalized genomic binding, ZNF750 and KLF4 motifs are frequently 10 base pairs (bp) apart, consistent with a close localization at potential genomic sites of gene coregulation by these two physically interacting transcription factors (Fig. 5D) . Examples of ChIP-seq tracks at two differentiation genes, PPL and PKP1, demonstrate colocalization of ZNF750, KLF4, and RCOR1 at ZNF750 and KLF4 motifs (Fig. 5E ). ChIP-seq tracks near two progenitor genes, HOMER3 and RBBP8, show colocalization of ZNF750, RCOR1, and KDM1A at the ZNF750 motif (Fig. 5E ). This is consistent with a ZNF750 differentiation gene-activating functionality involving KLF4 and a distinct ZNF750 progenitor gene-repressive functionality involving KDM1A.
ZNF750 activates and represses genes with differing combinations of interacting proteins
We next used reporter assays to test whether ZNF750 and its interacting proteins are involved in gene activation or repression at specific sites. Reporters at ZNF750-binding sites near differentiation genes showed increased reporter activity during calcium-induced keratinocyte differentiation, and reporters at ZNF750-binding sites near progenitor genes showed decreased reporter activity during differentiation, consistent with the expression changes of these genes during differentiation (Fig. 5F ). Additionally, ectopic expression of ZNF750 in progenitor keratinocytes resulted in increased activity of differentiation gene reporters and decreased activity of progenitor gene reporters, confirming that ZNF750 can either activate or repress transcription, depending on the context (Fig. 5G) .
To assess the role of ZNF750-interacting proteins in transcriptional regulation of ZNF750-dependent reporters, we depleted the expression of ZNF750, KLF4, RCOR1, KDM1A, or CTBP1/2 in differentiated keratinocytes and assessed the changes in activity of each reporter. Depletion of ZNF750, KLF4, RCOR1, or CTBP1/2, but not KDM1A, resulted in decreased activity of the differ-entiation gene reporters, whereas depletion of ZNF750, RCOR1, KDM1A, or CTBP1/2, but not KLF4, resulted in increased activity of progenitor gene reporters (Fig. 5H) . Additionally, mutation of the ZNF750 and KLF4 motifs in the differentiation gene reporters resulted in decreased activity, while mutation of the ZNF750 motif in progenitor gene reporters resulted in increased activity (Supplemental Fig. S5B,C) , confirming that ZNF750-dependent gene activation or repression occurs directly through these two motifs. To further explore the chromatin context of ZNF750-dependent gene activation or repression, we performed ChIP-qPCR for the active histone modifications H3K27ac and H3K4me1 at ZNF750-binding sites with depletion of ZNF750 and interacting proteins. Depletion ChIP-qPCR at ZNF750 target genes with HA-tagged full-length, C2H2 mutant, PLNLS mutant, or C2H2 PLNLS double-mutant ZNF750, compared with IgG controls. t-test: (*) P < 0.05; (**) P < 0.01, compared with full-length. Differentiation gene (E) or progenitor gene (F) expression changes with ectopic expression of full-length, C2H2 mutant, or PLNLS mutant ZNF750 in undifferentiated keratinocytes compared with tag-only control (CTL). (*) P < 0.05; (**) P < 0.01; (***) P < 0.001, compared with full-length) See also Supplemental Figure S4 .
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Cold Spring Harbor Laboratory Press on January 4, 2018 -Published by genesdev.cshlp.org Downloaded from Tables S2-S6. of ZNF750, KLF4, RCOR1, or CTBP1/2, but not KDM1A, resulted in a significant decrease in H3K27ac at differentiation genes (Supplemental Fig. S5D ). Depletion of ZNF750, RCOR1, KDM1A, or CTBP1/2 resulted in an increase in H3K4me1 at progenitor genes (Supplemental Fig. S5D ), consistent with gene repression mediated by KDM1A H3K4me1/2 demethylase activity. Thus, ZNF750-driven differentiation gene activation requires KLF4, RCOR1, and CTBP1/2, and ZNF750-mediated progenitor gene repression requires RCOR1, KDM1A, and CTBP1/2.
ZNF750 recruits chromatin regulators to specific sites
To confirm that ZNF750 binds with different sets of proteins to specific sites and to explore whether CTBP1/2 are also present at these sites, we performed re-ChIP-qPCR with ZNF750 and each interacting protein (Fig. 6A) . Consistent with the ChIP-seq signal at these specific sites, ZNF750 re-ChIP with KLF4 gave enriched signal at differentiation genes, and ZNF750 re-ChIP with KDM1A gave enriched signal at progenitor genes (Fig. 6A ). KLF4 Cold Spring Harbor Laboratory Press on January 4, 2018 -Published by genesdev.cshlp.org Downloaded from re-ChIP with KDM1A did not give enriched signal at any of the sites tested (Fig. 6A) . ZNF750 re-ChIP with RCOR1 and CTBP1/2 gave enriched signal at sites near both differentiation and progenitor genes, confirming that these proteins reside at both ZNF750-activating and ZNF750-repressing genomic contexts (Fig. 6A) .
While ZNF750 expression is highly up-regulated during epidermal differentiation, the levels of ZNF750-interacting proteins are much more stable during epidermal differentiation (Supplemental Fig. S6A,B ; Kretz et al. 2012) , suggesting that ZNF750 might recruit these proteins to specific sites on DNA upon induction of expression. To investigate whether ZNF750-interacting proteins require ZNF750 to bind specific sites on DNA, we performed ChIPqPCR on each ZNF750-interacting protein in the context of ZNF750 depletion in differentiated keratinocytes. KLF4 genomic binding was not reduced with ZNF750 depletion, consistent with KLF4 binding to DNA independently of ZNF750 through its own DNA motif (Fig. 6B ) and with the known role of KLF4 as a pioneer transcription factor that can directly bind closed chromatin (Soufi et al. 2012 ). However, ZNF750 depletion decreased target gene binding by RCOR1, KDM1A, and CTBP1/2 at most of the sites tested ( Fig. 6C-G) despite the fact that these proteins were expressed at the same levels with control or ZNF750 depletion (Supplemental Fig. S6C ). Thus, ZNF750 is dispensable for the association of KLF4 with its target genes but is required for full target gene binding by the chromatin regulators RCOR1, KDM1A, and CTBP1/2.
Discussion
Here, we found that ZNF750 acts with RCOR1 and CTBP1/2 to exert dual gene regulatory impacts; namely, by activating differentiation gene expression in concert with KLF4 and repressing progenitor gene expression in association with KDM1A (Fig. 7) . In doing so, ZNF750 functions as a DNA sequence-specific transcription factor essential for the switch from the self-renewal genetic program to the terminal differentiation program in epidermis. Two evolutionarily conserved PLNLS motifs facilitate ZNF750 protein-protein interactions and function in this context. These PLNLS motifs, together with the atypical C2H2 zinc finger motif, facilitate ZNF750 target gene binding at sites containing the CCNNAGGC DNA motif. This supports a model (Fig. 7) in which ZNF750 engages progenitor gene repression and differentiation gene activation via association with these preexisting proteins, which require the presence of ZNF750 to exert their full gene regulatory effects. In this regard, although KLF4 target gene binding occurs independently of ZNF750, in spite of the close proximity of the two proteins and their motifs on DNA, KLF4 requires ZNF750 for activation of their shared differentiation gene targets. In contrast, the chromatin regulators identified here all depend on ZNF750 for full target gene binding as well as target gene regulation, indicating that ZNF750 can regulate transcription by both synergizing with factors already present on DNA and enhancing the recruitment of additional factors.
The massive up-regulation of ZNF750 during epidermal differentiation contrasts with the relatively stable protein levels of its functionally active interacting partners. Taken together with the tight restriction of ZNF750 expression to differentiating stratified epithelial cells, these observations suggest that ZNF750 acts dominantly to mobilize its presynthesized interacting proteins to effect the switch from the epidermal progenitor to differentiating cell state. Consistent with this is our recent observation that ZNF750 expression alone, without any additional factors, is sufficient to engage terminal differentiation gene induction in epidermal progenitors both in vitro and in tissue (Sen et al. 2012) . ZNF750 thus may represent a tissue-specific transcription factor that can engage with both more globally active transcription factors, such as KLF4, and general chromatin regulators, such as KDM1A, RCOR1, and CTBP1/2, as observed here, to achieve a tissuespecifying gene expression output.
ZNF750's function as either a transcriptional activator of differentiation genes or a repressor of progenitor genes depends on its interacting proteins and genomic context. Other transcription factors have also been shown to either activate or repress transcription, depending on context. For example, the transcription factor p53 activates or represses transcription depending on its interactions with different sets of chromatin modifiers or transcription factors that act as coactivators or corepressors as well as variations in the specific DNA sequence to which it binds (for review, see Rinn and Huarte 2011) . Here, we found that the main defining factor for ZNF750-mediated transcriptional activation is colocalization with KLF4 near epidermal differentiation genes. This is consistent with the observation that the primary phenotype of KLF4 knockout mice is impaired epidermal differentiation (Segre et al. 1999) . This is also consistent with the observed capacity of KLF4 to Figure 7 . Model of dual ZNF750 gene regulatory impacts in epidermal differentiation. ZNF750 physically interacts with KLF4, RCOR1, and CTBP1/2 to bind and activate epidermal differentiation genes. ZNF750 binds in close proximity to KLF4 DNA binding at differentiation genes. At progenitor genes, ZNF750 interacts with KDM1A, RCOR1, and CTBP1/2 to repress gene expression.
promote epidermal differentiation gene expression (Patel et al. 2006 ) and with its function as a transcriptional activator through its interactions with the coactivators p300 and CBP (Geiman et al. 2000; Evans et al. 2007 ). The main defining factor for ZNF750-mediated transcriptional repression, in contrast, is colocalization with KDM1A near progenitor genes. This is consistent with the known role of KDM1A in transcriptional repression through its H3K4me1/2 demethylase activity (Shi et al. 2004 ) and the observed increase in H3K4me1 with KDM1A depletion at ZNF750-binding sites. Of interest, in spite of their mutual association with ZNF750, we observed that KLF4 and KDM1A do not themselves associate with each other by co-IP and appear to compete for binding to ZNF750, consistent with their action with ZNF750 in separate contexts.
Interestingly, we found that RCOR1 and CTBP1/2 are part of both the ZNF750-activating and ZNF750-repressing complexes. RCOR1 and CTBP1/2 have known roles in transcriptional repression in a complex with KDM1A (Shi et al. 2003; Lee et al. 2005) . Roles for RCOR1 and CTBP1/2 in transcriptional activation have also been described, but the mechanism is not well understood (Fang et al. 2006; Jin et al. 2007; Abrajano et al. 2010; Paliwal et al. 2012) . Transcriptional activation or repression by RCOR1 and CTBP1/2 likely depends on the specific transcription factors and chromatin regulators with which they are associated, as shown here. We found that ZNF750 is required for full association of RCOR1, KDM1A, and CTBP1/2 with specific genomic sites, consistent with the previously described recruitment of these general chromatin regulators to specific sites by other transcription factors (Lin et al. 2010; Paliwal et al. 2012) . It is possible that additional ZNF750-interacting proteins identified by mass spectrometry may also be involved in distinguishing the ZNF750-activating and ZNF750-repressing complexes.
KLF4 is important for a wide variety of processes in different tissues. In addition to being essential for epidermal differentiation and barrier formation (Segre et al. 1999) , KLF4 is important for cell differentiation in a number of other cell types, including monocytes (Feinberg et al. 2007 ), vascular smooth muscle cells , and goblet cells in the colon (Katz et al. 2002) . KLF4 is also one of the four factors that can induce pluripotent stem cells (Takahashi and Yamanaka 2006) and plays a role in embryonic stem cell self-renewal . It is currently unclear how KLF4 is capable of regulating such diverse processes, but one possibility is that KLF4 interacts with different tissue-specific factors in different contexts that specify KLF4 functions. It is possible that the interaction of KLF4 with ZNF750, which is expressed exclusively in stratified epithelial tissues, specifies KLF4 as an epidermal differentiation factor in that context. Interestingly, we previously identified KLF4 as a direct target gene of ZNF750 (Sen et al. 2012) . In this study, ChIP-seq analysis revealed that both ZNF750 and KLF4 bind to several locations in the KLF4 and ZNF750 genomic loci (Supplemental Tables S1, S2), consistent with a differentiation-driving autoregulatory positive feedback loop. Autoregulatory positive feedback loops have been described as a feature of master tissue-specific transcription factors, such as OCT4, SOX2, and NANOG in embryonic stem cells (Boyer et al. 2005) . The ZNF750-KLF4 positive feedback loop likely serves as a mechanism for the rapid induction and stable maintenance of gene expression during epidermal differentiation.
We identify two highly conserved PLNLS sequences in ZNF750 that are required for ZNF750 protein-protein interactions with KLF4, RCOR1, KDM1A, and CTBP1/2. The PLNLS sequence and other similar sequences are found in several other transcription factors, including ZEB1 (Postigo and Dean 1999) , ZNF217 (Quinlan et al. 2006) , and KLF4 (Liu et al. 2009) , where this sequence facilitates protein-protein interactions with CTBP1/2. The finding that ZNF750 protein-protein interactions are all dependent on the two PLNLS sequences is consistent with KLF4 and KDM1A binding independently to and competing for binding to ZNF750. This competition is likely involved in distinguishing the ZNF750-activating and ZNF750-repressing complexes. A recent study identified several mutations in ZNF750 in esophageal squamous cell carcinoma and suggested a role for ZNF750 as a tumor suppressor (Lin et al. 2014 ). This work identified several missense mutations within the C2H2 motif, which, as we show, would disrupt ZNF750 DNA binding and function. Interestingly, most of the identified mutations are truncating mutations that occur after the C2H2 motif but before the PLNLS motif. These truncated mutant forms of ZNF750 would be unable to engage in protein-protein interactions and unable to induce differentiation and suppress proliferation. Thus, the ZNF750 protein-protein interactions and genomic binding sites identified here offer insight into both normal epidermal tissue differentiation and the suppression of epithelial tumorigenesis.
Materials and methods
Lentiviral constructs, siRNA sequences, and primer sequences are in the Supplemental Material.
Cell culture
Primary human keratinocytes were isolated from fresh, surgically discarded neonatal foreskin. Keratinocytes were grown in KCSFM and Medium 154 (Life Technologies). Keratinocytes were induced to differentiate by addition of 1.2 mM calcium for 3 d in full confluence. 293T cells were grown in DMEM with 10% fetal bovine serum. For regenerated organotypic epidermal tissue, 1 million genetically modified keratinocytes were seeded onto devitalized human dermis for 4 d and then harvested for RNA or protein expression.
Gene transfer and knockdown
293T cells were transfected with 8 mg of lentiviral expression construct, 6 mg of pCMVD8.91, and 2 mg of pUC MD.G. Transfections were done in 10-cm plates using Lipofectamine 2000 (Life Technologies). Viral supernatant was collected 72 h after transfection and concentrated using a Lenti-X concentrator (Clontech). Keratinocytes were transduced overnight with virus and 5 mg/mL polybrene and selected with 1 mg/mL puromycin. For knockdown with siRNA, 1 million keratinocytes were electroporated with 1 nmol of siRNA using Amaxa nucleofection reagents.
qRT-PCR expression analysis
Total RNA was extracted using the RNeasy plus kit (Qiagen). One microgram of RNA was reverse-transcribed using iSCRIPT cDNA synthesis kit (Bio-Rad). qPCR was performed using the Roche480 LightCycler with Maxima SYBR Green master mix (Fermentas). Samples were run in duplicate and normalized to 18S RNA.
Cell and nucleus lysis for immunoprecipitation
Keratinocytes were harvested by trypsinization, and subsequent steps were performed at 4°C. Cells were washed in PBS and resuspended in five cell pellet volumes of hypotonic buffer (10 mM HEPES at pH 7.6, 1.5 mM MgCl 2 , 10 mM KCl, 13 protease inhibitor cocktail [PIC] [Roche]). Cells were lysed by addition of an equal volume of hypotonic buffer with 0.4% NP-40 for 2 min. Nuclei were pelleted by centrifugation at 4000 rpm and lysed in three cell pellet volumes of nucleus lysis buffer (50 mM Tris at pH 7.6, 0.05% igepal, 10% glycerol, 2 mM MgCl 2 , 250 mM NaCl, PIC). Nuclei were sheared with a 27.5-gauge needle, and lysis proceeded for 30 min. Insoluble material was removed by centrifugation at 13,000 rpm for 10 min, and nuclear supernatant was used for immunoprecipitation.
Flag-HIS purification and mass spectrometry
All steps were performed at 4°C unless otherwise indicated. Flag M2 beads (Sigma) were added to 15 mg of nuclear supernatant for 16 h. Flag beads were washed four times in wash buffer (50 mM Tris at pH 7.5, 5% glycerol, 0.05% igepal, 150 mM NaCl, PIC), and protein was eluted off beads with 500 mg/mL Flag peptide for 30 min. Flag eluate was precleared with Protein G sepharose beads (GE Healthcare) for 10 min. HIS beads (Life Technologies) were added to precleared supernatant with 10 mM imidazole for 30 min. Beads were washed twice with wash buffer plus 25 mM imidazole. Protein was eluted off beads by boiling in LDS sample buffer (Life Technologies). Ten percent of sample was resolved with 4%-12% SDS-PAGE (Life Technologies) for silver stain (Pierce), and the remaining material was stained with colloidal blue (Life Technologies), cut into 10 size fractions, and analyzed by the Harvard Mass Spectrometry Facility by microcapillary reverse-phase high-pressure liquid chromatography (HPLC) nanoelectrospray tandem mass spectrometry (mLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer.
Immunoprecipitation
All steps were performed at 4°C. Two micrograms of antibody was added to 1 mg of nuclear supernatant for 1 h. Twenty microliters of Protein G beads was added for 1 h. Beads were washed four times in wash buffer, and protein was eluted off beads by boiling in LDS sample buffer.
Antibodies
Antibodies used for immunoprecipitation, PLA, immunofluorescence, Western blot, far-Western blot, and ChIP were ZNF750 (Sigma, HPA023012), KLF4 (R&D Systems, AF3640; Sigma, HPA002926), RCOR1 (Santa Cruz Biotechnology, 30189 and 376567), KDM1A (Bethyl Laboratories, A300-215A), CTBP1 (BD Bioscience, 612042), CTBP2 (BD Bioscience, 612044), HA tag (Abcam, ab9110; Covance, MMS-101P), Flag tag (Sigma, F1804), IgG (Santa Cruz Biotechnology, 2027), LOR (Covance, PRB-145P), FLG (Santa Cruz Biotechnology, 66192), Ki67 (Thermo Scientific, SP6), H3K27ac (Abcam, ab4729), H3K4me1 (Abcam, ab8895), and GST (Cell Signaling).
Western blotting
Immunoprecipitation samples or 25 mg of cell lysates were resolved on 4%-12% SDS-PAGE and transferred to PVDF membranes. Membranes were incubated in primary antibodies overnight at 4°C and in secondary antibodies (Santa Cruz or Rockland) for 45 min at room temperature.
Far-Western blotting
The following recombinant proteins were purchased or purified: ZNF750 (Origene), MBP (Prospec), KLF4 (Origene), RCOR1 (Abnova), KDM1A (Origene), CTBP1 (Origene), CTBP2 (Origene), and GST (purified with Pierce GST spin purification kit). ZNF750 and MBP were spotted on nitrocellulose membranes. Recombinant proteins KLF4, RCOR1, KDM1A, CTBP1, CTBP2, or GST were added to membrane at 1 mg/mL overnight at 4°C. Membranes were incubated in primary antibodies overnight at 4°C and in secondary antibodies for 45 min at room temperature. Ponceau S (Sigma) was used for loading control.
Immunofluorescence and PLA
Keratinocytes or 7-mm sections of epidermal tissue were fixed with 4% formaldehyde for 15 min followed by blocking in PBS with 2.5% normal goat serum, 0.3% Triton X-100, and 2% bovine serum albumin for 30 min. Primary antibodies were added overnight at 4°C, and secondary antibodies were added for 1 h. PLA was performed using Duolink with PLA probe anti-mouse plus and PLA probe anti-rabbit minus (Olink Bioscience). Due to antibody limitations, HA-tagged ZNF750 with HA antibody was used in place of endogenous ZNF750 with KLF4 and KDM1A PLA.
ChIP assays
Keratinocytes were cross-linked with 1% formaldehyde for 10 min. Fifty million keratinocytes were used for ChIP-seq, 5 million keratinocytes were used for ChIP-qPCR, and 10 million keratinocytes were used for re-ChIP-qPCR. All steps were performed at 4°C unless otherwise indicated. Cells were lysed in swelling buffer (100 mM Tris at pH 7.5, 10 mM KOAc, 15 mM MgOAc, 1% igepal, PIC) for 10 min followed by Dounce homogenization. Nuclei were pelleted at 4000 rpm for 5 min and lysed in modified RIPA buffer (PBS with 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, PIC) for 10 min. Chromatin was sonicated to 150-300 bp using a Diagenode bioruptor. Insoluble material was removed by centrifugation at 13,000 rpm for 10 min followed by preclear with StaphA cells for 15 min. One microgram of primary antibody/5 million keratinocytes was incubated with precleared chromatin for 16 h. For goat or mouse primary antibodies, rabbit anti-goat or rabbit anti-mouse secondary antibodies (Millipore) were added for 1 h. Ten microliters of StaphA cells/5 million keratinocytes was added for 15 min at room temperature. StaphA cells were washed twice with dialysis buffer (50 mM Tris at pH 8, 2 mM EDTA, 0.2% sarkosyl) and four times with immunoprecipitation wash buffer (100 mM Tris at pH 8, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate). Chromatin was eluted off StaphA cells in 1% SDS and 50 mM NaHCO 3 . For re-ChIP, eluted chromatin was diluted 10-fold in modified RIPA without SDS, and second primary antibody was added overnight. For ChIP-seq and ChIP-qPCR, 200 mM NaCl was added, and cross-links were reversed for 16 h at 67°C. DNA was purified using PCR purification kit (Qiagen), eluting in 50 mL of water. One microliter of ChIP DNA was used for qPCR. For ChIP-seq, libraries were prepared using the Mondrian (NuGen) and size-selected using Pippin Prep (Sage Science). Libraries were sequenced with 1 3 50 base pair reads on the Illumina HiSeq2500.
ChIP-seq data analysis
Sequencing reads were mapped to the hg19 genome using Bowtie, and PCR duplicates were removed, resulting in ;20 million reads per sample. Peaks were called using MACS with a P-value cutoff of 1 3 10 À5 and fold enrichment $10. MEME was used for de novo motif discovery. Peaks were assigned to genes using GREAT with basal plus 200 kb maximal extension. HOMER was used for genomic distribution analysis and quantification of ChIP-seq fragment depth over genomic intervals for H3K4me1 analysis and peak heat map. For comparing ChIP-seq data sets, KLF4, RCOR1, or KDM1A ChIP-seq signal in ZNF750 peaks was considered enriched if peak was called or summit height was $5 and reads per base pair were $0.004, similar to as previously described (Bardet et al. 2012) .
Reporter assays
The lentiviral constructs for reporter assays were made by cloning regions of interest into pGreenFire (System Biosciences). Firefly luciferase activity was measured using the dual-luciferase reporter assay system from Promega. Luminescence was normalized to protein concentration and proviral integrants as previously described (Sen et al. 2012 ).
Clonogenic assays
Clonogenic assays were performed as previously described (Bao et al. 2013 ) with minor modifications. Mouse fibroblast 3T3 cells were treated with 15 mg/mL Mitomycin C (Sigma) in DMEM for 2 h and then plated at 8 3 10 5 cells per well in six-well plates. After 24 h, 500 keratinocytes were seeded onto 3T3s. After 7-10 d, 3T3 cells were removed with PBS, and keratinocytes were fixed with 1:1 methanol:acetone for 4 min and stained with crystal violet.
Accession numbers
ChIP-seq data have been deposited with Gene Expression Omnibus accession code GSE57702.
